A comparative study of the use of bio-inspired optimization technologies including the Cuckoo Search (CS) algorithm, the Differential Evolution (DE) algorithm, and Quantum-behaved Particle Swarm Optimization (QPSO) in the design of microstrip patch antennas for use in RF energy harvesting systems is presented. Radio frequency (RF) energy harvesting is considered as an eco-friendly energy source and has become a focus of intense research especially for use in distributed sensor networks. In a RF energy harvesting system, the antenna is responsible for capturing RF signals over a certain frequency band, and it is a vital element in determining the performance of the RF energy harvester. In this paper, a new mathematical weighted evaluation model involving antenna efficiency, center frequency, and bandwidth is proposed to evaluate the performance of a rectangular microstrip patch antenna (RMPA) for a RF harvesting system based on both the transmission-line model and the cavity model. With the evaluation model as the objective function, bio-inspired optimization approaches are utilized to determine the geometrical parameters of the optimal antenna based on given constraints. Moreover, the optimised designs of an antenna for harvesting energy from the Global System for Mobile Communications (GSM) frequency band are proposed via the mathematical model and bio-inspired optimization approaches using simulations. Furthermore, a comparative study of the DE, CS, and QPSO techniques is conducted via the evaluation of the properties of the antenna designs.
broad band antennas have been introduced. A mathematical weighted evaluation model involving antenna efficiency, center frequency, bandwidth, and gain was proposed to evaluate the performance of a RMPA for a RF harvesting system.The heuristic optimization approaches CS, DE, and QPSO were introduced and then utilized to give optimal designs for a GSM1800 receiving antenna. The proposed optimization algorithms successfully achieved optimal solutions under two different antenna size constraints. The overall comparison between QPSO, DE, and CS showed that the DE based optimization design approach provides the best solution and hence has the best globally optimum value search ability. This can significantly enhance antenna performance. Moreover, among the three optimization approaches, the CS algorithm has the best robustness. Furthermore, the simulations using QPSO based algorithm indicate its superiority displaying a faster convergence speed than DE and CS in the application of solving a complex electromagnetic problem. The advance of wireless communication has been boosting the power density of ambient RF energy. Among various sources of available ambient RF energy, the GSM frequency bands, including GSM1800 and GSM900, the Industrial, Scientific and Medical (ISM) band and the 3G band are the most promising to be explored. The average power densities of the conventionally utilized frequency bands measured in 2012 at all underground stations in London are summarized in Table 1 [8] .
In brief, the RF energy harvester has the capability to convert RF signals (AC signal in nature) from ambient RF energy sources into a DC source. A typical centralized architecture of a RF energy harvesting system is shown in Fig. 1 , it has two main components: a power management component and a rectenna. The rectenna consists of a receiving antenna, a matching circuit and a rectifier [4, 6] . The power management module has two approaches for controlling the incoming energy flow: harvest-use and harvest-storeuse. The receiving antenna is responsible for capturing RF signals in the design frequency band, and it is a vital element in determining the performance of the energy harvesting system. Microstrip antennas have been greatly utilised in many communication technologies due to their low profile structure and low manufacturing cost [9] . In this study, the rectangular microstrip patch antenna (RMPA) is chosen for the rectenna design. The design will be optimized using 3 bio-inspired optimisation techniques The optimisation of a microstrip antenna for a RF energy harvester can be interpreted as a multi-objects nonlinear optimization problem. The solutions for an optimal patch antenna design can be attained by heuristic optimization algorithms.
Recently, considerable research has been directed towards the enhancement of antenna performance in RF harvesting systems. A variety of types of antenna design have been investigated including: fractal antennas, microstrip antennas and monopole antennas Fig. 1 Architecture of RF harvesting system. This figure shows a typical centralized architecture of a RF energy harvesting system, including two main components: a power management component and a rectenna [10] [11] [12] . Table 2 shows the antenna performance of some state of art designs. As shown in Table 2 , research efforts have been made for broad-band antenna(typical on order of 1GHz) as in [13] [14] [15] [16] [17] 42] , and for narrow-band antenna in [10, [39] [40] [41] 43] . The dipole antenna is the focus of the work in [13, 16] , and the monopole in [11, 41] . Authors in [17, 39, 40, 43] have demonstrated the excellent performance of the microstrip antenna. Nevertheless, most of the designs that have been mentioned previously do not consider the minimization of antenna size, which could potentially limit the application of the RF harvester. In [18] [19] [20] [21] [22] [23] , heuristic optimization approaches including the DE and CS algorithms have been utilized to determine the geometrical characteristics of the optimal patch antenna. Conventionally, patch antennas suffer from a narrow bandwidth. Accordingly, PSO and curve fitting have been introduced in [18] , and the overall bandwidth of the inverted E-shaped microstrip patch antenna was increased by 15%. Authors in [20] [21] [22] [23] have proposed mathematical models of the RMPA considering the center frequency as well as return loss, and the optimal designs are obtained via the CS, PSO, and DE algorithms. However, none of them involve improving antenna gain, widening antenna bandwidth, and minimization of antenna size.
Method
In a RF energy harvesting system, the antenna, which is responsible for receiving RF signals over a certain frequency band, is an important element in the design of the RF energy harvester. The design of the antenna involves several parameters, some of which induce With the evaluation model as the objective function, bio-inspired optimization approaches are utilized to determine the geometrical parameters of the optimal antenna based on given constraints. The paper is organized as follows:"Mathematic modeling of RMPA"section introduces the basic architecture and properties of a RMPA, and a mathematical model is proposed based on the cavity and transmission line models. Additionally, the objective function and constraints for optimization are derived. The"Bio-inspired algorithms for antenna design" section describes the current implementation of the optimal antenna design algorithms including QPSO, CS, and DE. Finally, based on the performance of designed antennas, the properties of three bio-inspired algorithms are discussed and compared.
Mathematic modeling of RMPA
The efficiency of a RF energy harvester is defined as the ratio of output power (P out ) over input power (P in ). Conventionally, the harvested RF power from the rectenna is expressed as follows:
where the η a , η m and η r respectively represent the efficiency of receiving antenna, impedance matching network, and rectifying circuit. The magnitude of P T is correlated with the design frequency band of antenna. Accordingly, the optimum antenna design for a RF harvesting system requires two features: high antenna efficiency and appropriate frequency band. In more detail, the performance of the antenna used for a RF energy harvester mainly depends on the antenna gain, bandwidth, return loss, and center frequency. However, there is a trade-off between antenna size and performance.
Architecture of a RMPA
The typical architecture of a rectangular microstrip patch antenna (RMPA) with inset feed contains four geometric parameters (L, W, g, L d ) as shown in Fig. 2 , and it consists of three layers including patch, substrate, and ground plane. Normally the patch and microstrip feed line are fabricated on the upper surface of the dielectric substrate, and a metal ground plane is placed on the bottom. The four most popular feeding configurations are: the microstrip line, coaxial probe, aperture coupling, and proximity coupling, among which the inset microstrip feed line has the simplest configuration to implement and control [9] By far, the rectangular patch is the most widely used microstrip antenna, and can be modeled and analyzed by both transmission line model and cavity theory. The mathematical formulations of the RMPA have been demonstrated and derived in the following section, where the notations used in the model are as shown in Tables 3 and 4 . 
Problem formulation
The objective function is to minimize the deviation between the designed antenna and the optimum antenna. where W = [w 1 w 2 w 3 ] is a weight matrix. Moreover, δF, δB, δA e , and δR L shows the deviation between the performance of designed antenna and the performance of the optimal antenna. The inequality geometry constraints are five groups of inequations which can be obtained from the architecture of RMPA
Moreover, the geometrical requirement for applying the transmission line model of the RMPA is [9] .
Input impedance of a RMPA
The input impedance of the RMPA Z in can be obtained from the equivalent transmission line circuit as shown in Fig. 3 . The admittance of the antenna with two slots (Y 1 and Y 2 ) is given by [24] [25] [26] :
where G 1 = G 2 , B 1 = B 2 and owing to that the two slots of the antenna are identical.
With the field expression derived according to the cavity model [9, 25] , the conductance of a single slot is defied as follows: where P rad is defined as the radiated power which can be calculated by [25, 26] :
Accordingly, the conductance of the antenna is defined as:
Considering the mutual effect between the two slots, the total resonant input admittance of the RMPA with no inset feed can be obtained as [9, 24] :
where the mutual conductance G 12 is [9, 24, 26] .
where J 0 is the Bessel function of the first kind of order zero, and accordingly the input resistance for the inset feed case can be approximately expressed as [26] :
Resonant frequency of A RMPA
Owing to the fact that the dimensions of patch are not infinite along the length and width, the fields at the edges of patch is nonhomogeneous. Figure 4 shows typical electric field lines caused by the fringing effect, which makes the electric size of the patch larger than the physical dimensions. Thus, the effective dielectric constant eff and effective patch width L eff are introduced to take account of the fringing effect. Accordingly, the resonant frequency of the dominant mode of the RMPA is derived as [9, 24, 25] .
The effective dielectric constant eff and effective patch length L eff can be calculated by: where L is the normalized extension of the length and given as:
The notch width can be calculated based on the designed center frequency, and the empirical equation for which is proposed as [27] :
Antenna gain of a RMPA
Antenna gain is defined as the ratio of radiation intensity in a given direction to the intensity that would be obtained when the power accepted is isotropically distributed [9] . The relative gain is the ratio of power gain to the gain of a reference antenna [9] . Antenna gain is mathematically deified as [9, 24] :
Antenna gain can also be expressed as a function of antenna directivity as:
Hence, antenna gain depends on radiation efficiency as well as directivity. The two parameters are calculated separately as follows.
The quality factor of the antenna, or the figure-of-merit, is representative of antenna loss, and it in general can be written as [9, 26] : (19) where the quality factors of various losses can be expressed as : (20) As for the RMPA aperture operating in the dominant TM x 010 mode, the G t /l and K can be calculated by [9] .
In an ideal situation the loss caused by conduction Q c and the loss by surface wave Q sw can be ignored. Thus, the total loss can be approximately expressed as: (22) and e cd , the radiation efficiency of an antenna, can be derived through the quality factor as:
Furthermore, directivity, one of the most important antenna parameters, conventionally implies the ratio of maximum radiation intensity to the averaged value over all directions, and is expressed by:
In the case of a RMPA with two radiating slots, the antenna directivity can be calculated by following equation [24, 25] . (25) where the directivity for an antenna with one slot D 0 is defined as [24] :
Moreover, the directivity of the array factor AF D AF is calculated as follows [9] :
Therefore, the antenna gain in dBi can be demonstrated by the following equation.
Thus, the antenna gain can be obtained via the directivity and radiation efficiency of RMPA as shown in Eq. 29.
Deviation between the designed antenna gain and the optimal antenna gain (here we use 10 dBi as the desired gain) is defined as follows.
Antenna efficiency of a RMPA
The overall antenna efficiency due to mismatch reflections and IR 2 losses is used to consider losses at the input terminals and within the antenna. Thus, the antenna efficiency can be written as:
A e = e r e cd = e cd 1 − | |
(31)
In the transmission line model circuit, the return loss is determined by both the VSWR and which can be calculated using:
In telecommunications systems, return loss is defined as the power loss for the signal reflected by a discontinuity during transmission, and it is mathematically defined as:
Assuming the characteristic impedance of the feed line is equal to 50 , the return loss can be expressed by Eq. (34), The input independence of the RMPA has also been calculated using Eq. (12) .
Therefore, the overall antenna efficiency can be expressed as follows:
Additionally, the derivation between designed antenna efficiency and the optimal antenna efficiency can be defined as:
Bandwidth of a RMPA
The magnitude of the bandwidth varies with VSWR. The bandwidth and percentage bandwidth of an antenna (VSWR ≤ 2) can be calculated by:
where A can take one of the three following values 
Moreover, the percentage bandwidth can also be calculated using the quality factor and the corresponding VSWR, as [9] .
To demonstrate the accuracy of the design frequency band, concept of efficient covered bandwidth ratio is proposed as below. Figure 5 shows the physical meaning of efficient covered bandwidth which describes the region of the desired frequency bandwidth covered by the design bandwidth. Thus, the efficient covered bandwidth ratio e BW is proposed mathematically as:
Thus, the derivation between design antenna bandwidth and the optimal antenna bandwidth (VSWR ≤ 2) is described by Eq. (41): (41) Bio-inspired algorithms for antenna design
CS algorithm for antenna design
The Cuckoo Search (CS) algorithm is a stochastic global search algorithm, inspired by obligated brood parasitic behavior of some cuckoo species, and it was developed by XinShe Yang and Deb in 2009 [29, 30] . The cuckoo search imitates aggressive reproduction strategy of some species of cuckoo birds in nature. The process of CS follows three idealized rules [29] : 1) Each cuckoo lays one egg in a random nest which will be a potential solution.
2) The next generation of eggs will only be carried over by the best nests with the highest quality of eggs, which proposes only locally optimal solutions can survive in next generation.
3) The number of available host nests is fixed, and eggs laid by the cuckoo can be discovered by the host birds with a probability equal to P a . The general system-equation of the CS is based on lévy flight as [29] :
where x t is the current solution, and x t+1 is the newly generated solution. Additionally, the lévy(λ) follows the lévy distribution [29] .
The step size α follows the Mantegna Algorithm in which the step size can be obtained by [29, 30] :
where the u as well as v follow normal distribution [29] .
When the β is set to 1, the above two formula reduce to Eq. (46).
Therefore, the overall procedure of optimizing the antenna design for a RF harvesting system is shown as Algorithm 1, which has been implemented by MATLAB and Python.
Differential evolution for RMPA design
Differential evolution (DE), one of the most powerful stochastic and population based optimization algorithms, is inspired by the Darwinian principles for the natural evolution [31] [32] [33] . As a variant of the Genetic Algorithm (GA), DE mainly has three advantages including easy implementation, high performance and few control parameters [32, 33] . The overall procedure for DE has four steps: initialization, mutation, crossover and selection. Firstly, the initial value of the jth parameter in the ith individual at generation zero is given by [33] .
where the randn (0,1) is a uniformly distributed random variable. The mutation operation will be employed to generate a new potential solution, of which there are five frequently used mutation strategies [33] . The equation for the DE/rand/1 strategy is given by [33] .
where V i,G are the mutant solutions generated by the current solutions including X r i 1 ,G , X r 2 ,G , and X r 3 ,G . Here F is a positive control factor. After the mutation, the crossover operation is applied to generate more potential new solutions based on V i,G and X i,G [32] :
Finally, the locally optimal solutions will be selected and the global optimum value can be found. Based on the four steps mentioned, the overall pseudo code also implemented in MATLAB and Python is shown as Algorithm 2. Locally optimal value remian end Solutions are selected and the locally optimal value is found ; end Search the global optimum design of RMPA antenna ; End
QPSO algorithm for RMPA design
The evolutionary particle swarm optimization (PSO) is a global search technique with incomparable advantages in searching speed and precision. It was originally introduced by Kennedy and Eberhar [34] [35] [36] . The basic idea of PSO is inspired by the social behavior of interactions between members including birds and fish. There are three main attractive features of PSO: robust search ability, fast computation and easy implementation [34, 35, 37] . In addition to its advantages, it has a slow solution fine-tuning ability of the solution, which sucks the solution towards the locally optimum value.
Accordingly, QPSO, as the modified PSO technology, was proposed to enhance the global search ability. The essential difference between the QPSO and PSO is that the movement of particles follows the principles of quantum mechanics instead of Newtonian mechanics.
The general governing equation in quantum mechanics of QPSO is the time independent Schrödinger equation:
With the Monte Carlo method [34, 38] , the position of particles can be updated by:
where the Mbest j d can be proposed as the following equation.
During the whole procedure, the local optimal value would be updated. The overall process is described in Algorithm 3 
Results
The GSM1800 frequency band has been considered to test the validity of the proposed algorithms. The objective function has already been mentioned in Eq. (2), and the weight matrix W was set to [0.3,0.4,0.3]. Some assumed antenna properties have been shown in Table 5 .
Optimal antenna for GSM1800
The GSM1800 band is allocated in the frequency band 1805.2 ∼ 1879.8 MHz (Downlink), and the three separate optimization technologies have been utilized under two different antenna size constraints including in antenna size less of than 100 mm as well as an antenna size of less than 150 mm. Additionally, the parameters which are used in the QPSO, CS, and DE algorithms are shown in the Table 6 . The proposed algorithms were all implemented in MATLAB and Python, and executed on an Intel core TM i5 duo PC with 3.10 GHz CPU and 8 GB RAM.
Test case 1: antenna size should be less than 100 mm
For the case that antenna size should be less than 100 mm, the comparison of objective function values against a number of iterations for each of the three algorithms is shown in Fig. 6 . The proposed algorithms successfully converge on their minimum solutions. Moreover, the graph illustrates that the DE algorithm performs better than the other two approaches in terms of overall convergence performance. The CS algorithm did not give as effective a convergence ability in comparison to the QPSO and DE approaches in the simulation. The results of simulating the proposed optimal antenna designs obtained from the three bio-inspired algorithms are listed in Table 7 . Similar results are obtained when the antenna size has to be less than 150 mm. The convergence characteristics of the three optimization methods are shown in Fig. 7 , and it indicates that both the DE and QPSO algorithms are effective, each with a high location accuracy and fast convergence speed. The detailed design parameters for the case 2 where antenna size must be less than 150 mm are shown in Table 8 . 
Discussion
On comparing Figs. 8 and 9, it can be seen that the antennas designed based on each of the three bio-inspired algorithms provide significantly improved properties especially for antenna gain (Fig. 8a ) and the bandwidth (Fig. 9a ) over non-optimised solutions. Amongst the three optimization approaches, the DE solution offers the widest bandwidth, highest antenna efficiency, and highest antenna gain, identifying that the DE algorithm has an excellent global search ability. In addition, the QPSO based technology presents its incomparable fast and robust convergence ability as shown in Fig. 9b . With the same number of iteration, the speed of convergence of QPSO is 50.44% faster than the CS, and 39.23% faster the DE algorithm. Results in Fig. 8b indicates that the CS algorithm has the best robustness performance. On contrast, DE is sensitive to the parameters used in 
Conclusion
The general anatomy of an RF energy harvester has been explained and examined. Some state of the art designs for receiving antenna including both narrow-band and broad band antennas have been introduced. In the second part, a mathematical weighted evaluation model involving antenna efficiency, center frequency, bandwidth, and gain was proposed to evaluate the performance of a RMPA for a RF harvesting system.The heuristic optimization approaches CS, DE, and QPSO were introduced and then utilized to give optimal designs for a GSM1800 receiving antenna. The proposed optimization algorithms successfully achieved optimal solutions under two different antenna size constraints. The overall comparison between QPSO, DE, and CS showed that the DE based optimization design approach provides the best solution and hence has the best globally optimum value search ability. This can significantly enhance antenna performance. Moreover, among the three optimization approaches, the CS algorithm has the best robustness. Furthermore, the simulations using QPSO based algorithm indicate its superiority displaying a faster convergence speed than DE and CS in the application of solving a complex electromagnetic problem.
